Properties of gold films sputtered onto borosilicate glass substrate were studied. UV-Vis absorption spectra were used to investigate optical parameters. XRD analysis provided information about the gold crystalline nanostructure, the texture, and lattice parameter and biaxial tension was also determined by the XRD method. The surface morphology was examined by atomic force microscopy (AFM); chemical structure of sputtered gold nanostructures was examined by X-ray photoelectron spectroscopy (ARXPS). The gold crystallites are preferentially [111] oriented on the sputtered samples. Gold deposition leads to dramatic changes in the surface morphology in comparison to pristine glass substrate. Oxygen is not incorporated into the gold layer during gold deposition. Experimental data on lattice parameter were also confirmed by theoretical investigations of nanoclusters using tight-binding potentials.
Introduction
Glass substrates have recently attracted growing interest due to the fact that they can serve as substrates for nanostructured systems with remarkable optical nonlinear properties. Glass substrates possess overall advantages as compared to many crystals or polymers. In particular, the composition of the glass can be well designed and also their fabrication is usually feasible and inexpensive [1] .
Nanostructured thin metal films play nowadays quite a significant role in various material science and nanotechnology applications. In particular, a considerable attention has been drawn to the structure and properties of thin metal films deposited on nonmetal surfaces due to their attractive applications in electronic, magnetic, and optical devices [2] . Gold nanoparticles dispersed on solid surface attract great attention due to their unique optical [3] , electronic [4] , thermal [5] , and catalytic [5, 6] properties. Gold in the form of thin films is nowadays used in a vast range of applications such as micro-and nanoelectromechanical systems (MEMS and NEMS) [7] , bio-and optical sensors [8] , electronic textiles [9] , and bioengineering [10] , as a generator of nonlinear optical properties [11] , or in devices for surfaceenhanced Raman scattering [12] .
Modeling of gold (and other metal) crystals and nanoclusters by molecular simulation methods soon agreed on employing semiempirical tight-binding potentials, which are able to describe both lattice parameters and surface stress [13] . Particularly, molecular dynamics investigation of approximately isometric nanoclusters [14] showed that the atoms are on average closer near surface than in the bulk. Combination of the first-principle calculations and Monte Carlo method applied to gold small nanoclusters on MgO (100) surface leads to results which are in agreement with previous experimental observations [15] . Similar results were obtained also for platinum [16] .
Journal of Nanomaterials
The present study is a continuation of our previous work in which we have studied various physicochemical properties of gold nanostructures deposited on glass substrate. This work is focused on wettability, surface roughness, sheet electrical resistance, and influence of these properties on adhesion and proliferation of VSMC [17] . Theoretical simulation of Au nanoclusters growth during deposition on glass substrate was performed. We performed measurement of optical properties and calculation of optical band gap ( opt ).
The physical properties such as lattice parameters, intensity and orientation of the gold crystallites, and surface morphology by AFM were evaluated. Also chemical properties of deposited gold structures such as element concentration were studied by ARXPS spectra. The gold/glass structures could find applications for electronics and tissue engineering.
Methods

Materials and Modification.
The gold layers were sputtered on 1.8 × 1.8 cm 2 borosilicate microscopic glass, supplied by Glassbel Ltd., CR. The surface roughness of glass, measured over the area of 1 × 1 m 2 and calculated as an average value from five different measuring positions, was = 0.34± 0.03 nm [18] . The gold sputtering was accomplished on Balzers SCD 050 device from gold target (supplied by Goodfellow Ltd., UK). The deposition conditions were DC Ar plasma, gas purity of 99.995%, sputtering times of 20 and 150 s, current of 10 to 40 mA (discharge power 3 to 15 W), total Ar pressure about 5 Pa, and the electrode distance of 50 mm. The power density of Ar plasma in our case was 0.13 W⋅cm −2 , and the average deposition rate was 0.15 nm⋅s −1 . After deposition the glass substrate was cleaned with methanol (p.a.) and dried in a stream of N 2 . The prepared samples were stored at laboratory conditions.
Theoretical Study.
We also performed a simulation study using two potentials, a classical tight-binding potential [19] and a pairwise potential designed for gold simulations [20] to confirm our experimental data.
Tight-Binding Potential. The interatomic potential is composed of a sum over all atom pairs, ∑ < , and a nonadditive term, ∑ ,
where is the distance of atoms and , , , 0 as well as and below are parameters, and mimics the electron density:
The algorithm to calculate the forces and energy proceeds in two phases [13] . In the first one the density components are calculated and in the second one the calculations of the additive and nonadditive forces are accomplished by summation over all atom pairs. From these pair and pair-like forces also the pressure tensor is calculated. Another way to calculate the pressure tensor is via the virtual volume and shape change method [21] . We used this method to test the algorithm.
Pair Potential. We also implemented a simpler effective pair potential designed for gold simulations [20, 22] 
where , , , are constants. From a technical point of view this potential is simpler because the calculations can be done in one pass.
The simulations were performed in the slab geometry. A sample crystal was oriented with the (111) lattice vector perpendicular to the slab (see Figure 1) . In the simulation, this vector corresponds to the -axis (or vertical direction). The system is periodic in the and (horizontal) directions.
To integrate the equations of motion, we used the Verlet method with a timestep of 5 fs. The total simulation time for one sample was 7.5 ns. In order to avoid problems with slow relaxation of slower vibrational modes, we used the Andersen thermostat [21] with a relaxation time of 1 ps. Atoms are randomly visited by a demon changing their velocity to a new one drawn from the Maxwell-Boltzmann distribution. Components of the pressure tensor in the and directions were independently kept constant by a Berendsen-type barostat [21] with a time constant of 3 ps (based on the bulk modulus of gold 180 GPa).
The slab geometry does not contain any substrate-gold nanolayer interaction, which could possibly affect the layer thickness. In principle, one should employ an atomistic model of a substrate, which can be rough and in turn study the whole range of relaxation processes occurring during the deposition. However, such a study lies outside of the scope of this work. The contact angles of gold alloys on silica and other substrates are around 140 ∘ [23] , suggesting relatively weak substrate-gold forces. As a simple model of this interaction, we considered an ideally smooth wall, composed of uniformly dispersed atoms in the < 0 halfspace. To build the model, we started from the gold-water oxygen interaction, which was approximated by the LennardJones 12-6 potential in [24] . The relatively high value of the energy parameter = 0.59 kcal/mol (with respect to the oxygen-oxygen term of 0.15-0.2 kcal/mol in common water models) takes effectively into account the interaction of the water dipole moment with metal by the mechanism of charge inversion. The silica unit of O-Si-O has several times higher dipole moment than a water molecule; we thus estimate the parameter of the substrate (borosilicate glass) as three times that of water. In addition, we increase the atom size to 3.85Å to take into account the bigger silicon atom (3.6Å [24] scaled by the cube root of the Si : O diameter ratio taken from the UFF [25] ). The final gold-substrate interaction energy is integrated over < 0 and glass density to yield the potential of the form / the -direction was determined from the -density profile with the exception of two layers from both sides. The peaks of individual gold layers in the slab geometry are clearly discernible because the center of mass of the slab in thedirection is fixed. The positions of the layers are calculated from the centers of mass of the peaks. In some cases of the nanolayer on a substrate, the peaks overlap; the individual peaks are then separated by minima between peaks on a smoothed -density profile. The lattice constant in the and directions was determined from averaged and sizes of the periodic box. The reference bulk lattice constant was obtained from a standard simulation in a cubic periodic box. Both used potentials exhibit a fast exponential decay of the potential with distance and therefore the simulation box size in the periodic direction may be short. We used a layer of 56 atoms (see Figure 1 ) in most simulations. For testing purposes we also tried a layer of 90 atoms and did not observe any difference.
Measurement
Techniques. UV-Vis absorption spectra were measured using PerkinElmer's Lambda 25 UV-Vis-NIR spectrometer in the spectral range of 300-900 nm at scanning rate of 240 nm⋅min −1 and a data collection interval of 1 nm. A pristine glass slide was used for background measurement. The typical data uncertainty obtained under this arrangement is below ±5%. Measured spectra were also interpreted in the frame of Tauc's model [26] using Tauc's equation:
where is the absorption coefficient of the substance, opt is the substance optical band gap, is the parameter that gives the type of electron transition, and factor depends on the transition probability and can be assumed to be constant within the optical frequency range [26] . The optical band gap width, opt , of layers was assessed from the linear part of plot (( (V) ⋅ ℎV) versus ℎV). Indirect transitions cannot be excluded in these layers, and therefore = 2 were used in the calculation. XRD analysis was performed by the automatic powder diffractometer Panalytical X'Pert PRO, equipped with ultrafast semiconductor detector PIXcel, using copper X-ray tube ( CuK 1 = 0.1540598 nm). Measurements were performed in a symmetric Bragg-Brentano geometry. Diffraction patterns were registered in the angular range 2 = (10-85 ∘ ). Lattice parameter of cubic face centered lattice of Au was calculated from diffraction lines location and their intensities, using the Rietveld method.
The surface morphology of glass and gold sputtered glass was examined by atomic force microscopy (AFM) using VEECO CP II setup; surface roughness ( ) was measured in tapping mode with silicon P-doped probes RTESPA-CP, with the spring constant 0.9 Nm −1 . By the repeated measurements of the same region (1 × 1 m 2 in area), we prove that the surface morphology did not change after three consecutive scans.
The chemical structure of gold layers was determined from X-ray photoelectron spectra (ARXPS), measured on Omicron Nanotechnology ESCAProbeP spectrometer. X-ray source was monochromated at 1486.7 eV and area 2 × 3 mm 2 was exposed and analyzed. Spectra were measured stepwise with a step in binding energy 0.05 eV; the take-off angle was 0 ∘ and 81 ∘ , respectively, according to surface normal. The spectra evaluation was carried out by CasaXPS software. Before the measurement the samples were stored under standard laboratory conditions.
Results and Discussion
Physicochemical properties of gold nanostructures deposited on glass were studied by several analytical techniques to obtain complex results about studied materials and tested experimental conditions. UV-Vis spectra of Au/glass sputtered for the sputtering times 20 and 150 s using currents ranging from 10 to 40 mA are shown in Figure 2 . The thickness (in nm) of the deposited nanostructures which was measured by the scratch test method with AFM [17] is presented in Figure 2 . According to expectations, an increase in absorbance of the nanostructures with increasing thickness of the deposited Au layer is observed [27] . The spectra show absorption minimum at ca 500 nm which exhibits a blue shift with increasing thickness of the Au layer. Dependence of the optical absorption of island-like noncontinuous Au structures on the nanocluster density has been described in [28] . The width of the optical band gap opt was calculated from the UV-Vis spectra using the Tauc equation [26] . that the opt decreases with increased power and the time of sputtering and this trend corresponds to those in the values of the electrical sheet resistance [17] . XRD-diffraction patterns of the gold nanostructures on the glass by different times and sputtering currents are shown in Figure 3 . The intensity of gold diffraction lines is an increasing function of the sputtering time and current. The intensity increase is connected with ever increasing thickness of the gold structures. For currents 10 and 20 mA and the sputtering time 20 s the thickness of the gold nanostructures is low and therefore an amorphous line of glass (SiO 2 ) with a high width is noticeable in the diffraction pattern. Signal of gold nanostructure in the diffraction pattern becomes observable for sputtering currents above 30 mA. The gold sputtering on glass substrate leads to formation of polycrystals with a preferential orientation in the [111] direction. This is explained by the fact that isolated Au nanoclusters try to minimize their free energy during their growth. This preferential orientation is observed on all samples regardless of sputtering time and current.
Lattice parameter was calculated from diffraction lines parameters using the Rietveld method. It has been published elsewhere [30, 31] that the lattice parameter of metals prepared in the form of a thin layer by a physical vapor deposition is not a material constant but depends strongly on the layer thickness. Figure 4 shows the dependence of the lattice parameter and biaxial tension of the gold films on the sputtering time for different sputtering currents derived from the present XRD measurements. The thickness of the deposited gold film is an increasing function of the sputtering time and the discharge current [17] . Monotonous decrease of the lattice parameter with increasing layer thickness is observed. A possible explanation is provided below. Alternatively, this phenomenon may be caused by an increase of the number of isolated gold nanoclusters [26, 32] , which aggregate and "push" each other, which in turn increases the biaxial tension. On the other hand, the lattice parameter decreases due to internal stress relaxation during nanocluster growth. This result is in good agreement with those of previous studies [30, 31, 33, 34] . The results of calculations of the lattice parameters are summarized in Figure 5 . We can see that the simpler pairwise-additive Erkoc potential predicts that a slab shrinks Free slab vertically and expands horizontally. In contrast, the tightbinding potential by Cleri and Rosato predicts horizontal shrinking but expands the interlayer distance in the vertical direction. The latter result is in agreement with our experiment (see above) and with our previous study [33] as well. These results can be qualitatively explained as follows. First, let us place an atom interacting only by pair forces (Erkoc potential) close to the surface. Because there are more neighbouring atoms in the bulk, the atom is attracted towards the slab centre. The interlayer distance in the vertical direction therefore decreases, in disagreement with experiment. However, there is a tendency to keep volume constant (because of repulsive forces); therefore, the slab has to expand in the horizontal direction. In fact it expands too much and the density of the surface slab becomes lower than that in the bulk.
Electrons in metals can be considered as freely moving in the averaged field of nuclei (more precisely, nuclei with nonvalence electrons). Since the distance of energy levels decreases if more space is available for the electrons, the electron cloud extends slightly out of the metal surface. Because of the nucleus-electron attraction, the nuclei are pulled out of the surface as well, and therefore the slab distance (in the vertical direction) increases, in agreement with experiment. Similarly, the metal slab shrinks in the horizontal direction to (partly) compensate for the vertical expansion; the density of the slab is higher than in the bulk. From the modelling point of view, these phenomena are described by the nonadditive tight-binding types of potentials, as the Sutton-Chen potential used in this work. A detailed analysis of the slab structure is presented in Figure 6 for a slab of 840 atoms and 15 layers. The blue points correspond to the respective distances between (111) layers. Also shown is the bulk value, 3 −1/2 , where is the cell size. The red dotted line is the "equivalent" horizontal value, namely, 3 −1/2 −1/2 , where is the area per one atom in a horizontal layer. It can be seen that the outermost layers are most affected and a neat expansion effect in the vertical direction persists inside the slab.
It can be also seen in Figure 5 that the expansion factors are not affected by a substrate within the scale of the graph. Detailed analysis reveals a lower precision of the results, especially in the vertical direction, because the whole nanolayer jumps slightly and randomly above the wall and the peaks of gold layers in the -density profile are asymmetric and sometimes they even overlap. A presence of the substrate slightly decreases the distances between layers for both interatomic potentials; thus, the vertical expansion factor decreases by about 1-2 × 10 −5 for thinner slabs (10 < < 30), whereas the horizontal expansion factor increases by approximately the same value. To summarize, even if the substrate-metal interactions were seriously underestimated (e.g., because the atomistic structure was neglected), we cannot expect any significant influence of the substrate on the interlayer distances.
Surface morphology and roughness ( ) of gold nanostructures deposited on the glass substrate were studied by the AFM method and the results are shown in Figure 7 . On the 3D AFM scans, a dramatic change in the morphology of the surface with increasing sputtering times and discharge 6 Journal of Nanomaterials currents is observed. It is apparent that, in the initial phase of the deposition (20 s and 20 mA), gold nanoclusters are formed. After 150 s sputtering time at the same current, electrically continuous gold film is formed [17] with higher surface roughness ( = 5.3 nm). After that, during ongoing deposition, interconnections between nanoclusters are formed and the deposited layers become homogeneous and uniform. Gold nanoclusters are formed on the homogeneous layer with increasing discharge current (20 s and 40 mA). Surface becomes fully covered by a thin nanolayer of gold after a longer period of deposition (150 s and 40 mA) in accordance with the results of [17] . It was published earlier that, under these experimental conditions, an electrically conductive layer was formed on a sample deposited for a sputtering time of 150 s with the use of a current of 40 mA [35] .
Results of XPS analyses of gold layers sputtered on glass substrate are presented in Table 1 . In XPS spectra traces of Ti, Zn, K, and Na from underlying glass are observed. Rather surprising is the presence of carbon (54 at % in this case) which may completely be attributed to contamination with hydrocarbons and other carbon-rich compounds from ambient atmosphere [36] . As could be expected, the Si signal is a decreasing function of the increasing thickness of gold layer. From XPS measurement under the angle 0 ∘ (analysis depth of 6-8 gold layers) one can see that the gold concentration increases with increasing sputtering time and current. When the sputtering time is increased from 20 to 150 s the gold concentration increases from 22.5 to 51.9% and from 34.7 to 42.8% for 20 and 40 mA discharge currents, respectively. On the other hand, the XPS measurement under the angle 81 ∘ (1-2 gold layers analysis depth) and the gold concentration on the sample sputtered at 20 mA current decreases with increasing deposition time. The effect may be due to the presence of gold islands.
From lattice parameter, biaxial tension, and optical bang gap measurements it can be concluded that with increasing time and deposition current Au nanoclusters are gradually forming electrically and later materially continuous films. The results from simulations support the conclusions of XRD analysis. XPS measurements show decreasing concentration of Si and increasing concentration of Au which is again connected to formation of continuous Au layer. This process of transition from isolated nanoclusters to continuous films was directly observed using AFM methods.
Conclusions
Gold nanostructured layers of different thickness and morphology were prepared by sputtering on the surface of glass substrate. The properties of the layers were examined by different techniques. With increasing deposition time and discharge current the UV-Vis absorption increases and the optical band gap opt decreases. According to XRD patterns, the gold sputtering leads to formation of polycrystals with a preferential orientation in the [111] direction, which is supported by the results of simulated Au layer growth. The changes in the lattice parameters of gold nanostructures were observed too in accordance with theoretical estimates done using the tight-binding potential by Cleri and Rosato. Gold sputtering changes the surface morphology dramatically and the transition from island-like structure in initial phase of deposition to continuous gold coverage in the later one is observed by AFM method. By XPS method an increase of surface gold concentration with increasing sputtering time was proved. At the same time the observed Si signal decreases as the gold coverage of underlying glass substrate becomes more complete. The gold/glass structures could find applications in, for example, biosensors, electronics, and tissue engineering. While for tissue engineering Au nanocluster structure is often desirable, applications regarding electronics demand continuous structures. Therefore, in regard to future application, deposition conditions should be considered carefully.
